ABSTRACT A new autosomal recessive mouse mutation, Purkinje cell degeneration (ped), is described. Mutants exhibit a moderate ataxia beginning at 3 to 4 weeks of age. The ataxia results from postnatal degeneration of virtually all cerebellar Purkinje cells beginning around 15 to 18 days of age and progressing rapidly over the next 2 weeks. In addition to the cerebellar disease there is slow progressive degeneration in the retina (photoreceptor cells) and olfactory bulb. Also, adult males have abnormal sperm.
Because of the uniform, stereotyped, and relatively simple organization of the cerebellar cortex many neuroscientists have chosen to study its functional organization (1), cytology and synaptic architecture (2) , or development (3) . Since the most obvious functions of the cerebellum involve posture and motor coordination, most mutations will affect behavior and are readily detected. In mice, a number of cerebellar mutants have been described (4) and have provided valuable insights into the normal and pathological development of the central nervous system (5) .
The Purkinje cell is involved either directly or indirectly in several of the cerebellar mutants in mice. This cell is considered to be the central functional unit of the cerebellar cortex, for it is the direct or indirect target of all inputs and provides the sole pathway for the outflow of impulses from the cerebellar cortex. In reeler (ri) mutants, Purkinje cells are present but, along with many other cortical cells, are deranged in position, leading to abnormalities of cell volume and orientation (6, 7) . In leaner (tgla) mutants, there are focal losses of Purkinje cells (4, 8) . In staggerer (sg) mutants, the granule cell neurons degenerate, but Purkinje cells are smaller than normal and show a marked reduction in number of dendritic spines (the sites of synaptic contact between granule cell axons and Purkinje cell dendrites) even prior to granule cell loss (9) (10) (11) . The disorder of Purkinje cells is most severe in nervous (nr) mutants, where about 85% of these cells degenerate selectively (12, 13) . In 
MATERIALS AND METHODS
The pcd mutation occurred in the C57BR/cdJ strain at The Jackson Laboratory. Because of the poor breeding performance of this strain, pcd/pcd females were mated to C3H/ HeJ males and the Fj-animals were intercrossed to produce pcd/pcd F2 females. These females were then crossed back to C57BR/cdJ males and the pcd mutation was maintained thereafter by brother-sister matings. The mutant gene is also being transferred to the C57BL/6J strain. The animals used in this study came from both lines.
For histological studies, the mice were fixed by perfusion through the heart with 1% formaldehyde and 1.25% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2. The brains were removed, dehydrated, and embedded in either paraffin or celloidin. Sections were cut at 7 or 20 gm and stained with cresyl violet. In addition, pieces of cerebellum and eyes were postfixed in OS04, dehydrated, embedded in an Epon-Araldite mixture, and sectioned at 1 Am, and the sections were stained with toluidine blue.
The various brain regions are designated according to the atlas of Sidman et al. (14) . Day of birth is considered day 0.
To determine if there was any difference in body weights between mutants and controls, all young in 8 litters were earmarked on day 15 Behavior. The major clinical sign is a moderate ataxia of gait. Some mutant animals can be detected behaviorally at 22 days after birth, whereas others cannot be detected until several days later. In the earliest stages, the aberrant behavior is subtle and, apart from the clue provided by their usually smaller size (see below), it is often necessary to challenge the animals by placing them on the rim of the cage rather than merely observing their behavior in the cage. During the next few weeks, their behavior becomes more obviously abnormal, and thereafter remains essentially constant. As with most other cerebellar mutants, there is some variation in severity of the ataxia among affected adults but it is slight and does not appear to be significant. Body Weight. In the 8 litters studied, the average weights of mutants on days 15, 21, and 28 were approximately 91 1 2, 84 4 3, and 63 4 5%, respectively, of the average weights of normal littermates. Some overlap with the weights of normal littermates existed, but in lieu of a linked marker gene, body weight is the most useful criterion for identifying homozygous pcd mice before behavioral signs appear.
Viability. Although pcd/pcd mice can survive to at least 17 months, generally the older mutants are in poorer health, being lighter in weight and less active than littermates.
Fertility. Affected adult females, although fertile, have difficulties in rearing the few litters they produce. Affected males are sterile, though capable of mating, as evidenced by vaginal plugs in estrus females.
Histopathology. The rate of Purkinje cell loss was measured in three cerebellar folia, the culmen, pyramis vermis, and nodulus. (Fig. 2B) . Purkinje cell loss was less severe in more ventral areas; in the nodulus of the 24-day-old mutant, only 20% of the cells had degenerated. At 4 weeks of age, the degeneration is nearly complete in most areas of the cerebellum. A 29-day-old pcd/pcd mouse which had been identified behaviorally as mutant on day 24 had only a few Purkinje cells in any folium except for the nodulus, flocculus, paraflocculus, and ventral side of the uvula vermis (i.e., the most ventral aspects of the cerebellum), where numerous Purkinje cells were still present. The thickness of the molecular layer was near normal at 4 weeks, but a microglia-macrophage reaction was evidenced by an obvious increase in the number of small pleomorphic cells. At 5 weeks, some Purkinje cells persisted in the nodulus, flocculus, and paraflocculus. By 7 weeks only a few remained, most of them in the nodulus (Fig. 2C) .
The cerebella of adult mutants (3 months) are slightly reduced in size compared with littermate controls. They continue to display a few cells in the nodulus, the number ranging from zero to 10 per 20 ,um sagittal section compared to 100 to 125 cells in corresponding areas of the normal nodulus. The rest of the cerebellar cortex shows only a few grossly abnormal and metachromatically staining remnants of Purkinje cells (Fig. 2D) . The fact that the molecular layer in adults is noticeably thinner probably accounts for much of the reduction in the size of the cerebellum. The granule cell layer, which appears relatively normal in thickness, may incur a mild to moderate reduction in cell number per unit area, but this point is difficult to assess because the small and closely packed granule cell somas are difficult to count in 20 ,4m sections. Basket and stellate cells, the interneurons of the molecular layer, although present, are obscured by increased number of reactive glia and macrophages to preclude quantitation. There was no obvious reduction in the concentration of Golgi II cells of the granular layer or of neurons in the deep cerebellar nuclei.
Except for the cerebellum, the central nervous system of young adult mutants appeared relatively normal. Older mutants (10 months), however, revealed degeneration in the retina and olfactory bulb. In the retina, there -is extensive loss of photoreceptor cells (Fig. 3) which begins early and continues slowly for more than a year (17) .
The olfactory bulbs and lateral olfactory tracts of 10- (Fig. 4) and some degeneration in other areas, including fibers of the crus cerebri and cingulum. In the older animals there was a loss of mitral cells in the olfac- tory bulb and preliminary observations on still older mutants suggest that the loss might become extensive.
To examine the cause of male sterility, smears were made of the fluid expressed from the cauda epididymis and vas deferens of adult mutant and control mice. Relatively few sperm were found in smears from mutants as compared to controls. Of the sperm cells that were present, only some were motile and all were grossly abnormal in shape, with defects including abnormal and vacuolated heads, no heads, and abnormal midpieces and tails (Fig. 5) .
DISCUSSION
Although the position of the Purkinje cell degeneration (pcd) locus on the chromosome map is not yet known, the negative allelism and linkage tests indicate that it is probably a new locus.
The observation that pcd neither is an allele of nr nor maps close to it is particularly important because the cerebella of both mutants show selective and extensive loss of Purkinje cells. However, degeneration in the two mutants is different quantitatively, temporally, and in important cytological details. Purkinje cell degeneration mutants lose almost all Purkinje cells, the major loss occurring in the 4th week between postnatal days 22 and 28, whereas nervous mutants show mitochondrial abnormalities in all Purkinje cells at day 15 cell neurons in pcd/pcd mutants since the behavioral abnormality was only moderate. When a similarly mild locomotor defect was seen in nr/nr mice, the possibility was considered that persistence of 10-15% of the Purkinje cells could sustain relatively good motor coordination (12) . This was considered particularly plausible since retention of Purkinje celfs in nr/nr is the highest in the midline region of the cerebellum .--@ (the vermis) which is probably more concerned with stability of the trunk and with stance and gait than the lateral hemispheres (18) . This argument is extremely difficult to sustain in the case of pcd/pcd mutants, since the adult affected animal retains fewer than 1% of its Purkinje cells and these are confined to the nodulus. Possible explanations for the discrepancy between the histopathological and behavioral features might be either extensive axonal sprouting with ; -formation of functionally effective new synapses or utilization of alternate pathways in the nervous system.
Compared with the very rapid degeneration of Purkinje cells, the photoreceptor degeneration in the retina takes place slowly over the course of a year (17) . Similarly, the mi- The significance of this curious pleiotropism is unknown. Purkinje, mitral, photoreceptor, and sperm cells would seem to have little in common. Purkinje and mitral cells are fairly similar in size and occupy somewhat analogous positions in the neuronal circuitry of cerebellum and olfactory bulb, respectively. Unlike Purkinje and mitral cells, photoreceptor and sperm cells have small nuclei with condensed chromatin. It is intriguing that photoreceptor cells degenerate in both pcd/pcd and nr/nr mice, the two known mutants that lose Purkinje cells selectively among all classes of cerebellar neurons, but do not degenerate in other mouse mutants with disorders of the cerebellum (17) . It is also intriguing that NS-4, a new nervous system cell surface antigen, is present in high titer in mouse cerebellum, retina and sperm (19) (olfactory bulb was tested with the rest of the brain but was not tested separately). However, no common properties other than their participation in the pcd/pcd phenotype have yet been recognized for all four cell types either at adult or developmental stages. The relevance of a search for such a property will depend, at least in part, on whether pcd is a point mutation or some kind of chromosomal abnormality involving several genes.
